Abstract: Aqueous two-phase copolymerization of acrylamide (AM) and dimethylaminoethyl methacrylate methyl chloride (DMMC) was carried out in polyethylene glycol 20000 (PEG 20000) aqueous solution and with 2,2'-azobis(2-amidinopropane) dihydrochloride (V-50) as the initiator. The effects of the temperature, the PEG 20000 concentration, the DMMC/AM molar ratio and the V-50 concentration on the initial monomer copolymerization rate (Rp), the total monomers conversion and the molecular weight of copolymers were systematically investigated. The initial copolymerization rate increased with an increase of temperature and V-50 content, contrary to the concentration of the PEG 20000 and DMMC. The molecular weight of the copolymers decreased with increasing the reaction parameters above mentioned. The apparent copolymerization activation energy of the system was calculated to be 65.7 kJ·mol -1 according to Arrhenius equation. The optimal PEG 20000 content of the system was 15%~25% (based on the raw materials). The relationship between the initial copolymerization rate (Rp) and the initiator concentration was discussed, and the kinetics equation was Rp∼ [I] 0.94 .
Introduction
Aqueous two-phase system which was presented in the 1950s [1] and widely used for the separation and purification of biomolecules from complex mixtures in a nondisruptive environment [2] , involved two kind of structurally different water-soluble polymers which could not be dissolved in each other. The techniques of aqueous two-phase separation were mature [3] [4] [5] . However, the studies about the preparation of the water-soluble polymers in aqueous two-phase system were still few. Mario et al [6] introduced the concept to the preparation of the water-soluble polymers, so a new alternative of preparation of this kind of polymers called aqueous two-phase copolymerization system was presented.
Cationic polyacrylamide (CPAM) was a kind of important cationic polyelectrolyte that had marked utility in many applications. And the products copolymerized in aqueous two-phase system can be used directly with high efficiency as the strength additives, the drainage and the retention aids, etc. in papermaking. They also can be applied in the treatment of sewage and wastewater, solids/liquid separation, etc [7, 8] .
Aqueous two-phase copolymerization system was carried out in water media without any organic solvent. During the copolymerization reaction, a high total monomers conversion was obtained with the system viscosity smoothly increased and the Weissenberg effect effectively avoided. It overcame the problems of mixing and heat transfer of water solution polymerization [9] and avoided the pollution and recycle problems of organic solvent for inverse phase suspension polymerization, water-in-oil inverse phase emulsion polymerization and precipitation polymerization [10] [11] [12] . However, such a promising technology had not yet aroused extensive attention in preparing water-soluble polymers. And only little literature on both theoretical and practical researches is available.
In this research, aqueous two-phase copolymerization of AM and DMMC in PEG 20000 aqueous solution was carried out. High molar mass PEG of (20000g·mol -1 ) which had a tendency to interact with water through hydrogen bonding were chosen because they formed aqueous two-phase system at lower concentrations and hence of lower viscosity [13] . V-50 was employed as the initiator because it could dissolve in water and generate primary radicals of equal and moderate reactivity [14] . The final product was smooth and milky-white latex which had a lower viscosity and good stability after storage even for a lapse of 3 months.
Results and discussion
In this paper, the concentration of V-50 was weight percent based on total monomers and the monomers and PEG20000 content were weight percent based on total raw reaction materials. The amount of each ingredient was kept constant in all experiments, except as indicated.
Effect of copolymerization temperature
As shown in Fig.1 , the initial copolymerization rate increased with increasing of the reaction temperature which was in our expected line. When the temperature was 50 o C and reacted for 50 min, the total monomers conversion was nearly 18%. Fig. 2 ). This could ascribe to the following reason: a higher temperature accelerated the initiator decomposed, and hence for a given time, more initiator free radicals generated, leading to yield more monomer free radicals. So the initial copolymerization rate increased with the increasing of the temperature. However an increase of temperature also accelerated the chain transfer rate and caused lower molecular weights, which was conformed to the rules of typical free radical polymerization [17] . As the monomer free radicals consumed, the reaction became slower and the conversion vs time curve became straight with the final conversion all higher than 97.0%.
The correlation between the temperature and the initial copolymerization rate is also displayed in Fig.1 . The apparent copolymerization activation energy of aqueous twophase copolymerization system with V-50 as the initiator was calculated to be 65.7 kJ·mol -1 , a little higher than the aqueous two-phase copolymerization system with ammonium persulfate (APS) as the initiator [16] . 
Effect of PEG 20000 concentration
The PEG, which was a preferable water-soluble polymer dispersion medium gave the resultant product a good stability and fluidity which greatly influenced the reaction rate. To investigate the effect of the PEG 20000 content on the aqueous two-phase copolymerization system, five different PEG 20000 concentrations (i.e. 10%, 15%, 20%, 25%, and 30%, based on the weight percent of the total raw materials) were investigated. Fig. 3 showed the relationship between the conversion and time in three different PEG 20000 concentrations. It was clear that high PEG 20000 content retarded the initial copolymerization rate and decreased the total monomers conversion. This was due to the fact that as the dispersion medium increased, the viscosity of the system increased correspondingly, which prevented monomer radicals transfer between dispersion phase and continuous phase. So the growth of copolymer particles became slower and the initial copolymerization rate decreased and the final conversion reduced. When the concentration was low, such as 10%, the viscosity became higher in the process of copolymerization, just like that of the aqueous solution polymerization and finally a gel-like product was obtained. When the concentration was 30%, the system of higher viscosity, smooth and milky-white latex was obtained. However when the PEG 20000 content was higher than 30%, it was practically difficult because of the solubility limitation of PEG 20000 in the copolymerization system. Moreover, increasing the PEG 20000 content led to a decrease of the molecular weight of the copolymers (shown in Table. 1). Increasing the dispersion medium could shorten the critical chain length to phase-out, so the molecular weight of the product decreased.
Effect of DMMC/AM molar ratio
As shown in Fig. 4 , increasing the DMMC content lowered the initial copolymerization rate and hindered the phase separation during the reaction. In addition, the higher the DMMC concentration was, the more clearly the phenomenon was. It was probably due to the two following reasons: one was the molecule of DMMC larger than that of AM, which hindered the diffusion of cationic monomer between the dispersion phase and continuous phase; the other was the cationic charge in DMMC molecular chain which could ionize the generated oligomers. And due to the positive charges, adsorption of the monomer radicals on the oligomers could be hindered because of the electrostatic repulsion effect. So the formation of the particle was retarded.
Also, as the DMMC concentration increased, the molecular weight of copolymers decreased (shown in Table 2 ). The reciprocal of the reactivity ratio could express the relative activity of monomer. The reactivity ratio of AM and DMMC was 0.32 and 1.77, respectively [18] . So the reaction activity of cationic monomer was lower than AM. With the increase of DMMC, the reaction activity of the system and the molecular weight of the copolymer both decreased. Effect of V-50 concentration Fig. 5 and Fig. 6 revealed that increasing of V-50 concentration gave rise to an increase in the initial copolymerization rate and a decrease in the molecular weight of copolymers. The most commonly offered explanation was that: a greater initiator content caused a greater rate of generation of monomer radicals, in turn leading to a greater rate of coagulation and resulting in an increase of the initial copolymerization rate. Moreover the kinetic chain length of a radical chain polymerization was defined as the average number of monomer molecules consumed per each radical, which initiate a polymer chain. It is proportional to either the radical concentration or the polymerization rate [18] . Hence, increasing the V-50 concentration led to an increase in the initial copolymerization rate and a decrease in the molecular weight of the copolymers.
Tab. 2. Effect of DMMC/AM
From Fig. 5 , we also found that an increase in initiator content resulted in a gradually increase in the final monomers conversion. That meant more initiator produced more initiator radicals which generated more monomer radicals to copolymerize in the system. So, in the strictly given conditions, the increasing of V-50 concentration caused a gradually increase in the final monomers conversion. 
Conclusions
In this work, the specific features of the aqueous two-phase copolymerization system of AM and DMMC were studied. This method took advantage of the specialties of the aqueous two-phase system. Stable and milky-white products with good fluidity and high monomers conversion were obtained. It was discovered that the initial copolymerization rate increased with an increase in the temperature and V-50 concentration, contrary to the content of PEG 20000 and DMMC. The molecular weight of copolymers decreased with the increasing of the above discussed reaction parameters. The apparent copolymerization activation energy of aqueous two-phase copolymerization of AM and DMMC system was calculated to be 65.73 kJ·mol -1 . And the correlation between the initial copolymerization rate and initiator concentration was expressed to be Rp· [I] 0.94 .
Experimental part

Materials
Acrylamide (AM), purchased from Dia-Nitrix. Co. Ltd Japan and dimethylaminoethyl methacrylate methyl chloride (DMMC) which was from Mitsubishi Gas Chemical Company, INC, as 78% aqueous solution were industrial materials and used without further purification. Polyethylene glycol 20000 (PEG 20000) and 2,2'-azobis(2-amidino-propane) dihydrochloride (V-50) were of analytical grade, and used as received. Deinonized water was used throughout this work. Other reagents were A. R. grade and were used directly.
Aqueous two-phase copolymerization
Varying quantities of the ingredients were added to a 250 mL glass reactor fitted with a stirrer, a reflux condenser, a thermometer and a nitrogen inlet tube. After purging with N 2 for 30 min and controlling the temperature at 65 ºC in a water bath, the polymerization was initiated by injecting the initiator solution into the reaction mixture under stirring. The agitation speed was invariable at 150 rounds per minute in all experiments. The reactions were continued for 8 h to get a high total monomer conversion.
Characterization
The generated polymer was dissolved in water. Then, the copolymer was precipitated by pouring the polymer solution into a large quantity of acetone. These operations were repeated several times to remove the PEG20000 and unreacted monomers. Then the precipitated copolymer was dried to a constant weight at 45 o C under vacuum. The dried samples were used to determine the intrinsic viscosity in 1.0mol·L -1 NaCl at 30 ºC using an Ubbelhode viscometer. The following MarkHouwink [15] relationship (1) was used to calculate the molecular weight (M w ) from [η].
[η]=3.73×10 -4 [Mw] 0.66 (1) The total monomers conversion could be obtained from a determination of the residual monomers (AM and DMMC) by improved bromating method [16] , so the conversion-time data during the process were obtained.
